One of the main requirements for Si-based ultrasmall devices is atomic-order control of process technology. Here we show the concept of atomically controlled processing for group IV semiconductors based on atomic-order surface reaction control. By ultraclean low-pressure chemical vapor deposition using SiH 4 and GeH 4 gases, high-quality low-temperature epitaxial growth of Si, Ge, and Si 1Àx Ge x with atomically flat surfaces and interfaces on Si (100) is achieved, and atomic-order surface reaction processes on group IV semiconductor surface are formulated based on a Langmuir-type surface adsorption and reaction scheme. In in-situ doped Si 1Àx Ge x epitaxial growth on the (100) surface in a SiH 4 -GeH 4 -dopant (PH 3 , or B 2 H 6 or SiH 3 CH 3 )-H 2 gas mixture, the deposition rate, the Ge fraction and the dopant concentration are explained quantitatively assuming that the reactant gas adsorption/reaction depends on the surface site material and that the dopant incorporation in the grown film is determined by Henry's law. Self-limiting formation of 1-3 atomic layers of group IV or related atoms in the thermal adsorption and reaction of hydride gases on Si(100) and Ge (100) is generalized based on the Langmuir-type model. Si or SiGe epitaxial growth over N, P or B layer already-formed on Si(100) or SiGe(100) surface is achieved. Furthermore, the capability of atomically controlled processing for advanced devices is demonstrated. These results open the way to atomically controlled technology for ultralarge-scale integrations.
Introduction
Atomically controlled processing for group IV semiconductors has become indispensable for the fabrication of ultrasmall metal-oxide-semiconductor (MOS) devices and Si-based heterodevices for ultralarge-scale integrations, because high-performance devices require atomic-order abrupt heterointerfaces and doping profiles as well as strain engineering due to introduction of Ge into Si. Especially for processing involving surface reaction processes like chemical vapor deposition (CVD), the advancement of the process technology requires atomic-order surface reaction control. Because atomic level flatness of surfaces and interfaces needs to be maintained, low-temperature processing is indispensable in order to suppress thermal degradation such as unexpected reaction and impurity diffusion. Moreover, impurity gas molecules are adsorbed more easily at lower temperatures. An ultraclean environment is a critical requirement. Improvements in the quality of gases and equipment have enabled ultraclean low-temperature CVD processing for atomic-order control. [1] [2] [3] [4] Our concept of atomically controlled processing for group IV semiconductors is based on atomic-order surface reaction control by CVD. CVD is one of the film formation methods using chemical reactions on a substrate with reactant source gas and offers many advantages, such as high throughput, in-situ doping, conformal deposition, and selective deposition. It is well known that CVD processes are limited by the mass transport of reactant gases at high temperatures and are controlled by the surface reactions at low temperatures. High-temperature epitaxial growth of Si on Si at above 1000 C by CVD was employed at industrial level for a long time. 5) In low-temperature polycrystalline Si growth at atmospheric pressure CVD using a SiH 4 -H 2 -AsH 3 gas system, it was confirmed that the growth characteristics are determined by reactant gas partial pressure, surface temperature and surface quality only, independent of CVD reactor configuration, and that they can be described by the Langmuir type rate equation including the surface adsorption site density. 6, 7) Based on the results, one of the authors (J.M.) predicted and demonstrated the self-limited surface reaction at adsorption sites and selective deposition depended on the adsorption site density. 2, 8) It was also demonstrated that the Ge growth characteristics using GeH 4 show selective epitaxial growth at temperatures below 410 C, while selective epitaxial growth is suppressed by generation of unexpected reaction sites due to the adhesion of oxidized Ge to substrates before Ge deposition. 8) These results have impacted the motivation of our long-range research regarding atomic-order surface reaction control, including the development of ultraclean processing.
The main idea of the atomic layer approach is the separation of the surface adsorption of reactant gases from the reaction process. Atomic-level control has been realized for epitaxy (Si, Ge), deposition (W, nitride), doping (P, B, C) and layer-by-layer etching. [9] [10] [11] The final goal of the atomic layer approach is the generalization of the atomic-order surface reaction processes and the creation of new properties in Si-based ultimate small structures which will lead to nanometer scale Si devices as well as Si-based quantum devices (Fig. 1) . Based on the investigation of surface reaction processes, the concept of atomic layer process control 3, 6, 7, [9] [10] [11] has been demonstrated for high-performance Si 0:65 Ge 0:35 -channel p-type MOS fieldeffect transistors (pMOSFETs) with a 0.12 mm gate length by utilizing in-situ impurity-doped Si 1Àx Ge x selective epitaxy on the source/drain regions at 550 C, 12) for ultrathin P barriers in infrared SiGe/Si heterojunction internal photoemission detectors, 13) and for B and P base doping in npn and pnp hetero-bipolar transistors (HBTs). [14] [15] [16] In this review, we describe ultraclean low-temperature low-pressure CVD processing using SiH 4 and GeH 4 gases. The in-situ doped Si 1Àx Ge x epitaxial growth on the (100) surface in a SiH 4 -GeH 4 -dopant (PH 3 , or B 2 H 6 or SiH 3 CH 3 )-H 2 gas mixture and the self-limited reactions of hydride gases (SiH 4 , GeH 4 , NH 3 , PH 3 , CH 4 , and SiH 3 CH 3 ) on Si(100) and Ge(100) for atomic-order growth are reviewed based on the Langmuir-type adsorption and reaction scheme. Furthermore, typical atomic layer doping by the epitaxial growth of Si or Si 1Àx Ge x over the material already-formed on a (100) surface and the capability of atomically controlled processing for Si-based group IV heterodevices are discussed.
Ultraclean Low-Temperature Low-Pressure CVD Processing
As an example of a low-temperature epitaxial growth system, an ultraclean hot-wall low-pressure CVD system 2, 3, 17) is schematically shown in Fig. 2 . The reactor structure of cylindrical quartz tube is the same as that of conventional hot-wall systems. 18) This tool was made ultrahigh vacuum compatible with gate valves and turbomolecular pump. The front side of the turbo-molecular pump was connected to the reactor with several sizes of vacuum exhaust tubes, and the reactor can be directly evacuated by turbo-molecular pump starting from atmospheric pressure. The back pump of turbo-molecular pump was exchanged to dry pump from rotary pump. 19) These modifications are key enablers for preventing any contamination from the exhaust line. To minimize air-contamination in the reactor during loading and unloading of the wafer, a N 2 purged transfer chamber was combined with the reactor inlet. The wafers, placed on a quartz boat, were transported into the reactor in ultraclean N 2 atmosphere through the transfer chamber. After closing the gate valve, the N 2 flow was stopped and the reactor tube was purged with high-purity H 2 . In order to prevent any contamination from the exhaust line, the wafers were transported into the reactor at a reactor temperature of about 100 C, and then heated to the surface treatment temperature or the deposition temperature while purging with H 2 gas. Subsequently, high-purity reactive gas was added and the Si and/or Si 1Àx Ge x or Ge deposition was started. The typical process sequence for Si/Si 1Àx Ge x /Si heterostructure growth is shown in Fig. 3 . The typical pressure for the epitaxial growth is about 30 Pa. The oxygen and carbon pileups at the interface between the epilayer and the Si substrate are drastically reduced below 5 Â 10 11 cm
À2
by thermal desorption and/or reduction due to Si source gas at 700 -750 C. Here, the moisture level of the N 2 , H 2 , and SiH 4 gases used was 10 ppb or lower and that of GeH 4 was 23 ppb or lower at the reactor inlet. 20) Before loading the wafers into the transfer chamber, they were cleaned for several cycles in a 4 : 1 solution of H 2 SO 4 and H 2 O 2 , highpurity DI water, and 1-2% HF with a final rinse in DI water.
The influence of air contamination on the Si deposition was simulated by changing the degree of air contamination inside the reactor during wafer transport using the N 2 purge transfer chamber. The results 2) are shown in Figs. 4 and 5. In the case of ultraclean deposition with the N 2 purge transfer chamber, there is an incubation period for Si deposition on SiO 2 and the deposition rate is dependent on the substrate material [ Fig. 4(a) ] and the Si epitaxial growth on Si(100) proceeds as shown in Fig. 5(a) , even for a deposition rate of 20 nm/min at 650 C, at which polycrystalline Si would be formed in conventional processing. 21, 22) In the case of aircontaminated deposition without the N 2 purge transfer chamber similar to that of conventional hot-wall CVD system, the incubation period and deposition rate become independent of the substrate material [ Fig. 4(b) ], and the structure of the air-contaminated film on Si(100) is poly- . These results for aircontaminated deposition mean that, by the reaction of residual Si-containing species and residual air in the reactor, both the oxidation of Si substrate surface and the formation of volatile SiO species proceed, and the number of unexpected reaction sites at the SiO 2 surface increases by the adsorption of volatile SiO species. Next, the contamination of O and C from exhaust was evaluated from impurity pile-up at the substrate interface, the first layer and the second layer. 23) By evacuating for 40 min between the first and second layer depositions, impurity pile-ups were found, while, by H 2 gas purging under the pressure of about 3 Pa between the first and the second layer depositions, the pile-ups were not observed. 23) Since the pile-ups are caused by contaminations from exhaust line, molecular flow region should not be employed. Impurity pile-ups at the interface between epilayer and Si substrate can be removed by the process sequence as shown in Fig. 3 . By this method, no pile-ups of O and C at the interface between epilayer and Si substrate were found at a back ground level of 5 Â 10 11 cm À2 .
3) It is considered that, at temperatures between 100 C and deposition temperature, the impurities adsorbed on substrate surface are desorbed, and/or the reaction between substrate surface and impurities diffused from exhaust line during wafer loading is suppressed by decreasing reactor temperature. The total process time can be reduced by using a high-speed heat-up and cooldown heater. 24) 3. Langmuir-Type Mechanism of Low-Temperature Low-Pressure CVD Epitaxial Growth
In the surface-reaction limited regime obtained at low temperatures, the deposition and doping characteristics are determined only by the temperature, the reactant gas partial pressure and the surface material, when the reactant gas consumption due to the reaction is neglected compared with the reactant gas flow amount and when the polymerization of source gases scarcely occurs. Under the present deposition conditions for Si, Ge and Si 1Àx Ge x growth in the lowpressure CVD system with 40 wafers of 1.25 in.-diameter per batch shown in Fig. 2 , the thickness and the Ge fraction uniformities are better than 5% within a wafer and from wafer to wafer. There is a very weak dependence on the wafer spacing in the range of 6 -20 mm and the gas flow rate only. The reaction rate is confirmed to be limited by the surface reaction. For such growth conditions, the Langmuirtype formulation is useful to describe the mechanism. That will be shown in this section.
Si and Ge epitaxial growth
For pure Si epitaxial growth using SiH 4 and pure Ge epitaxial growth using GeH 4 , the deposition rate increases proportionally and saturates with an increase in SiH 4 and GeH 4 partial pressures as shown in Figs. 6 and 7, respectively. The proportional factor and the saturation value depend on the deposition temperature and the substrate orientation. Assuming that one SiH 4 or GeH 4 molecule is adsorbed at a single adsorption site on the Si or Ge surfaces, respectively, according to Langmuir's adsorption isotherm, and decomposes there, the Si and Ge deposition rates, R Si on Si and R Ge on Ge are given by
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These equations mean that, for lower P SiH4 and P GeH4 such as 1 ) ðk 1 on Si =k Si on Si ÞP SiH4 and 1 ) ðk 2 on Ge = k Ge on Ge ÞP GeH4 , the deposition rates R Si on Si and R Ge on Ge increase proportionally with P SiH4 and P GeH4 , while for higher P SiH4 and P GeH4 such as 1 ( ðk 1 on Si =k Si on Si ÞP SiH4 and 1 ( ðk 2 on Ge =k Ge on Ge ÞP GeH4 , they are independent of P SiH4 and P GeH4 , respectively. In the case of pure Si deposition, the deposition rate is expressed by eq. (3) as shown in Fig. 6 . The activation energy of the SiH 4 reaction rate constant shown in the figure caption is 2 eV, which is in good agreement with that of the deposition rate for higher P SiH4 , and also with that in other investigations. 25) It has been reported that the Si deposition is limited by SiH decomposition, in other words, hydrogen desorption from SiH. 25, 26) It is found that the SiH 4 reaction rate constant, k Si on Si n 0 , agrees with the SiH constant estimated from ref. 27 within 50%. The equilibrium surface SiH 4 coverage, ðk 1 on Si =k Si on Si ÞP SiH4 =½1 þ ðk 1 on Si = k Si on Si ÞP SiH4 calculated from the fitting parameters shown in the figure caption, is also in good agreement with the data of equilibrium surface hydrogen coverage in ref. 27 . Therefore, it is suggested that k Si on Si n 0 is the SiH decomposition rate constant and k 1 on Si n 0 is the total SiH formation rate constant at the Si surface from SiH 4 in the gas phase. It should be noted that the deposition rate is weakly dependent on the substrate orientation, for example, the deposition rate on the (100) surface differs by about 20% from that on the (111) surface for the deposition conditions used here. Moreover, the rate decreases with increasing H 2 partial pressure. For example, by adding 133 Pa H 2 into SiH 4 (partial pressure of 1.3 Pa) at 600 C, it decreases to about 30%. 17) In the case of the pure Ge deposition, 17, 28) the deposition rate is expressed by eq. (4) as shown in Fig. 7 . The deposition rate scarcely depends on the H 2 partial pressure below 133 Pa. The activation energy of the GeH 4 reaction rate constant shown in the figure caption is 1.7 eV, which is in good agreement with the reported value.
29) The fitting parameters are strongly dependent on the substrate orientation. The large difference in the substrate orientation dependence of the fitting parameters between Si and Ge deposition could mean that the role of the dangling bonds as adsorption sites depends on the temperature as well as on the deposited material. A perfectly selective growth of Ge between Si and SiO 2 is obtained. The selectivity is independent of the partial pressure of GeH 4 . Two kinds of hole filling behaviors of Ge are shown in Fig. 8 . For lower P GeH4 , a regular pyramid-like structure is found, resulting from the formation of facets which have {311} surfaces in the [110] direction. Since the surface coverage of GeH 4 [K Ge on Ge P GeH4 =ð1 þ K Ge on Ge P GeH4 Þ] on the surface is lower for lower P GeH4 , it is suggested that the density of adsorbed species is low enough, and the adsorbed species migrate on the surface allowing step growth, or in other words, the reaction proceeds at steps. On the other hand, for higher P GeH4 , no clear facets are found. Since the surface coverage of GeH 4 on the surface becomes nearly unity for higher P GeH4 , it is suggested that surface migration is restricted by a large number of reactive species arriving at the surface.
Si 1Àx Ge x epitaxial growth
For Si 1Àx Ge x epitaxial growth in a SiH 4 -GeH 4 -H 2 gas mixture on a (100) surface, the reaction rates of GeH 4 and SiH 4 are obtained as the products of the deposition rate with the Ge fraction and the Si fraction, respectively. These results are shown in Fig. 9 . 3, 9, 30) With increasing GeH 4 partial pressure, the GeH 4 reaction rate increases monotonically, while the SiH 4 reaction rate increases up to the maximum value and then decreases [ Fig. 9(a) ]. With increasing SiH 4 partial pressure, the SiH 4 and GeH 4 reaction rates increase up to a maximum value and then decrease [Fig. 9(b) ]. Since the GeH 4 reaction rate in pure Ge deposition at the same temperature of 550 C is nearly proportional to the GeH 4 partial pressure, while the SiH 4 reaction rate in pure Si deposition is not strongly dependent on the SiH 4 partial pressure under similar deposition conditions as that of Fig. 9 , it is assumed that the density of adsorbed Ge hydrides is negligibly small compared with the total site density, but that of Si hydrides can not be neglected under the investigated conditions. The SiH 4 and GeH 4 reaction rates on the (100) surface are expressed by the Langmuir-type rate equation shown in Table I , 30) assuming that one SiH 4 or GeH 4 molecule is adsorbed at Si-Si, Si-Ge or Ge-Ge pair sites on the (100) surface and decomposes there. The values of the effective rate constants for SiH 4 and GeH 4 at each site, k ai n 0 [see eq. (4) in Table I ], are obtained numerically by fitting the experimental data. 3, 9, 30) Details on how the values of k ai n 0 were determined, how accurate they are, and what they mean are given elsewhere.
3) Very good agreement is obtained between the experimental data and the reaction rate (solid lines in Fig. 9 ) calculated from eqs. (1), (3), and (4) in Table I with the values shown in Table II . It should be noted that some values in Table II are revised a little from those in the previous report.
3) Although both sets of parameters result in similar agreements with the experimental results in Fig. 9 , the set used here was better for describing doping characteristics discussed in the following. From Table II , it is found that the SiH 4 and GeH 4 adsorption rate constants (k 1 and k 2 ) become larger at the bond site of the Si-Ge pair than those at the bond sites of the others on the (100) surface, while the SiH 4 surface reaction rate constant (k Si ) becomes largest at the bond site of the Ge-Ge pair. The enhancement of the SiH 4 reaction rate constant at the bond site of the Ge-Ge pair may result from Ge acting as a desorption center for the hydrogen atoms in SiH 4 on the surface. 31) It has been reported that Si atoms act as decomposition centers of GeH 4 with SiH formation, even though the decomposition rate of GeH 4 is larger at the Ge bond sites than at the Si bond sites, and SiH decomposition is enhanced by the existence of Ge atoms on Si(100). 32) On the basis of this reported result, it is considered for values in Table II that the SiH 4 reaction rate constant becomes large at the bond site of Ge. The SiH 4 adsorption rate constant k 12 n 0 , i.e., the SiH formation rate constant at the bond site of the Si-Ge pair is increased by SiH generation from GeH 4 decomposition. The GeH 4 adsorption rate constants k 21 n 0 and k 22 n 0 , i.e., GeH formation rate constants include the transition to GeH due to SiH generation from GeH 4 in the gas phase. Further investigations on such decomposition steps are necessary.
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, and (4) in Table I with the values in Table II. 3.3 In-situ doping of P, B and C in Si 1Àx Ge x epitaxial growth Using the formulation based on the Langmuir-type adsorption and reaction scheme shown in Table I , in-situ doping characteristics of P, B, and C in Si 1Àx Ge x epitaxial growth can be explained,
. assuming that one dopant molecule (P-hydride, Bhydride or SiC-hydride) occupies one free surface site according to Langmuir's adsorption isotherm, . that the site where the dopant molecule has been adsorbed becomes inactive for both the SiH 4 and GeH 4 adsorption/reactions on the surface, . that the dopant occupancy is different at the Si-Si, SiGe, and Ge-Ge pair sites on the surface, . and that the dopant incorporation in the grown film is determined by Henry's law. 9, 30) The values of k Di , k ÀDi and K SDi in Table I are determined by fitting the experimental data in Figs. 10-12 to eqs. (1)- (6) in Table I with the values shown in Table II . The best values determined using the method described in ref. 9 Figs. 10-12 ). This supports the feasibility of the formalism used.
In the case of P-doping, 9, 30) the reduction of the deposition rate shifts to higher PH 3 partial pressures with increasing GeH 4 partial pressure [ Fig. 10(a) ]. The Ge fraction increases at higher PH 3 partial pressure [ Fig. 10(b) ]. The P concentration increases up to a maximum value and then decreases with increasing PH 3 partial pressure [ Fig. 10(c) ]. Calculating K Pi from eq. (5) in Table I with the values in Table III , the effective adsorption of PH 3 is the lowest at the Si-Si pair site. As a result, with the PH 3 addition, adsorption of SiH 4 and GeH 4 becomes a maximum at the Si-Si pair site, and the k 2 =k 1 value becomes larger, which results in an increase in the Ge fraction [see eq. (3) in Table I ]. Namely, the reduction of the deposition rate [ Fig. 10(a) ] and the increase in the Ge fraction [ Fig. 10(b) ] at higher PH 3 partial pressures are caused by greater suppression of SiH 4 and GeH 4 adsorptions/reactions on the Si-Ge and Ge-Ge pair sites than on the Si-Si pair site. The maximum P concentration [Fig. 10(c) ] is explained by the saturation of PH 3 adsorption and the lower solubility of P on the Si-Ge and Ge-Ge pair sites than on the Si-Si pair site (see the K SPi values).
In the case of B doping, 9, 30) the deposition rate decreases with B 2 H 6 addition at higher GeH 4 partial pressures [ Fig. 11(a) ]. The Ge fraction scarcely changes with the B 2 H 6 addition [ Fig. 11(b) ]. The B concentration increases nearly proportionally with the B 2 H 6 partial pressure up to the 10 22 cm À3 range [Fig. 11(c) ]; nevertheless, all these films are single crystalline. Although the best fitting values listed in Table III are not very good in accuracy, it is clear that the segregation coefficient K SB becomes the smallest at the Si-Ge pair site. It is known from evaluation using eq. (5) in Table I that K B2 at the Si-Ge pair site is the largest, which means that the adsorption of the B-hydride becomes a maximum at the Si-Ge pair site. As a result, with increasing B 2 H 6 partial pressure, the weighted sums of k 1 and k 2 evaluated by eq. (4) in Table I with the values in Table II decrease more compared to that of k Si . This, with the aid of eqs. (1) and (2) in Table I , explains the decrease of the deposition rate with the B 2 H 6 addition at high deposition rates and at high Ge fractions.
In the case of C doping, 9, 33) with increasing SiH 3 CH 3 partial pressure, the deposition rate decreases depending on the Ge fraction [ Fig. 12(a) ], the Ge fraction increases at a high SiH 3 CH 3 partial pressure [Fig. 12(b) ] and the C concentration increases linearly up to about 10 21 cm
À3
[ Fig. 12(c) ]. These tendencies can be explained in the same manner as in the case of P doping as well as B doping using the equations in Table I and the fitting parameters in Table III . Deposition rate
Ge fraction
Rate constants of adsorption and reaction of SiH 4 and GeH 4
k ai : reaction rate constant at each pair site, P D : partial pressure of dopant gas.
K Di : effective adsorption equilibrium constant of dopant molecules at each pair site:
k Di : adsorption rate constant of dopant molecules at each pair site, k ÀDi : desorption rate constant of dopant molecules at each pair site, K SDi : effective segregation coefficient between the surface coverage of dopant molecules and the concentration of dopant incorporated in the depositing film at each pair site.
Dopant concentration in Si
Table II. The fitting parameters k 1i n 0 , k 2i n 0 and k Sii n 0 at 550 C on the (100) surface, calculated from eqs. (1)- (4) in Table I using the experimental data in Fig. 9 . i ¼ 1, 2, and 3 correspond to the Si-Si, SiGe, and Ge-Ge pair sites, respectively.
These results demonstrate that the mechanism of growth and doping during Si 1Àx Ge x epitaxy in the surface-reactionlimited regime can be described by the modified Langmuirtype adsorption and reaction scheme as shown in Table I . (100) and Ge(100) Surfaces
Atomic-Oder Reaction of Hydride Gas on Si
In conventional CVD, surface adsorption and reaction of reactant gases proceed simultaneously. In order to perform atomic-layer growth, it is important to separate the adsorption and the reaction. In atomic-layer epitaxy, [34] [35] [36] the selflimiting process of gas adsorption has been employed using metal organic or chloride gases which form a strong chemical bond between surface atoms and adsorbed molecules. In order to prevent any contamination into the grown film, simple reactant hydride gases without carbon or INVITED REVIEW PAPER Fig. 10 . Dependences of (a) deposition rate, (b) Ge fraction, and (c) P concentration on the PH 3 partial pressure. The solid lines are calculated using eqs. (1)- (6) in Table I with the fitting parameters in Tables II and III Table I with the fitting parameters in Tables II and III . The total pressure and the SiH 4 partial pressure are 30 and 6.0 Pa, respectively. The deposition temperature is 550 C. Table I with the fitting parameters in Tables II and III halogen, such as SiH 4 and GeH 4 , should be used. In the use of such hydride gases, it is very important to control hydrogen termination on the surface. It is well known that hydrogen termination on Si(100) and Ge(100) surfaces desorbs by heating the substrate. [37] [38] [39] [40] Such the hydrogen desorption initiates adsorption and reaction of reactant gas, and self-limiting characteristics are observed in many cases. Self-limiting conditions for some hydride gases on Si(100) and Ge(100) surfaces are summarized in Table IV . 9) In this section, the atomic-order self-limited reactions of hydride gases are explained using two kinds of Langmuir-type models shown in Fig. 13. 4.1 Self-limited adsorption and rapid reaction of hydride gas In the case of SiH 4 41) and GeH 4 3,42,43) on monohydride Si(100) and Ge(100) surfaces respectively, the adsorbed SiH 4 and GeH 4 do not react and desorb when SiH 4 and GeH 4 gases in the reactor are removed at around 390 C and 270 C, respectively. In order to perform atomic-layer growth, the reaction must be induced during the short interval, in which the next adsorption scarcely proceeds using flash heating as shown in Fig. 13(a) . In such a case, the film thickness deposited per shot increases and then saturates with the shot-to-shot time interval as shown in Fig. 14 . The results are explained based on a Langmuir-type kinetics given in Table V. 9) In Fig. 14 , saturation means that continuous SiH 4 or GeH 4 decomposition during the interval is negligible, and that SiH 4 or GeH 4 adsorption should be self-limited. The deposited Si thickness in the saturation region depends on the SiH 4 partial pressure, which means that the saturated amount of adsorbed SiH 4 molecules is determined by the balance between adsorption and desorption of SiH 4 . On the other hand, the deposited Ge thickness in the saturation region is equal to the single-atomic-layer thickness, which means that desorption of GeH 4 is negligible. The curves calculated from the equations in Table V are in excellent agreement with the experimental data in Fig. 14 . These results suggest that the total adsorption site density is equal to the surface atom density, and that a SiH 4 or GeH 4 molecule occupies self-limitedly only one adsorption site.
In the case of gas-source molecular beam epitaxy (MBE), the substrate surface just before starting the adsorption of SiH 4 or GeH 4 was cleaned at high temperature in ultrahigh vacuum; in other words, hydrogen atoms adsorbed on the surface were desorbed before the adsorption. 32) Then the value of k MHx was 3 orders larger than that obtained in our experiments, and the single-atomic-layer growth was prevented by adsorption of hydrogen atoms formed by SiH 4 decomposition on the clean surface. In the substrate temperature range in our experiments, it is considered that the deposited surface could always be hydrogen-terminated by SiH 4 or GeH 4 flow. 27, 32, 44) It has been reported that, in the SiH 4 adsorption process, one monolayer of SiH 4 dissociation products is adsorbed on the clean Si surface in the temperature range of 25 -125 C, and one monolayer of SiH 4 is adsorbed on a surface almost fully covered with SiH (1)- (6) in Table I and the fitting parameters in Table II in the temperature range of 200 -350 C. 45) Based on these reported results, it is considered that the lower value of k MHx in our experiments is caused by SiH 4 or GeH 4 adsorption on the surface terminated with hydrogen, and the surface before SiH 4 or GeH 4 adsorption but just after the reaction by flash heating is still terminated by hydrogen, although the adsorbed species are not clear at present. This consideration supports single-atomic-layer growth in our experiments, since SiH 4 or GeH 4 adsorption on the hydrogen-terminated surface cannot be prevented by adsorption of hydrogen atoms formed by SiH 4 or GeH 4 decomposition.
4.2 Self-limited reaction of hydride gas adsorbed on the surface In many cases shown in Table IV , hydride molecules are adsorbed and react simultaneously on the surface as shown in Fig. 13(b) according to Langmuir-type kinetics (Table VI) . 9) In the case of low-temperature atomic-order surface nitridation of Si using NH 3 46,47) at 400 C, N atomic amount initially increases and tends to saturate to values corresponding to the total reaction site density. The experimental data in Fig. 15 are well expressed by the equations in Table VI . It is discussed that NH 3 molecules are adsorbed on the hydrogen-terminated Si surface after wet cleaning, according to Langmuir's adsorption isotherm but do not react without hydrogen desorption. On the hydrogen- Table V Site density where MH x is adsorbed
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It is assumed that Q MHx ¼ 0 at t ¼ 0. Total adsorption site density at the surface 
k r : reaction rate constant of hydride adsorbed on the surface
Site density where adsorbed MH x reacted
It is assumed that Q r ¼ 0 at t ¼ 0. free Si surface formed by preheating in Ar at 650 C, the N atomic amount on the Si surface increases spontaneously up to about 2 Â 10 14 cm À2 and further nitridation proceeds with hydrogen desorption. This is similar to the NH 3 reaction on a hydrogen-terminated surface, since NH 3 is dissociated into NH x (x ¼ 0; 1; 2) and hydrogen atoms are adsorbed initially on the Si dangling bonds. The total reaction site density is considered to depend on the temperature because the selflimited N atomic amount was 2:7 Â 10 15 cm À2 (four atomic layers) at 500 -650 C and 5:4 Â 10 15 cm À2 (eight atomic layers) at 750 -800 C. Self-limited reactions of SiH 4 on Ge(100), 48 ,49) CH 4 on Si(100) 50) and SiH 3 CH 3 on Si(100) and Ge(100) 51) are also described by the equations in Table VI . Especially, in the case of the SiH 4 reaction, it was found that one-atomic-layer growth of Si occurs on the hydrogen-free surface formed by preheating at 350 C in Ar, and sub-atomic-layer growth on the hydrogen-terminated surface with the dimer structure formed by preheating at 350 C in H 2 , as shown in Fig. 16 . The density of the SiH 4 reaction sites on the hydrogenterminated Ge surface with the dimer structure is lower than that on the hydrogen-free surface. In the case of the SiH 3 CH 3 reaction, it appears that SiH 3 CH 3 is adsorbed without breaking the Si-C bond at 400 -500 C. In the case of the PH 3 reaction on Si(100) and Ge(100), 52) it is found that the atomic amount of P layer formed on the surface depends on the PH 3 exposure temperature as shown in Fig. 17 . The PH 3 reaction is suppressed on the hydrogenterminated Si and Ge surfaces, but PH 3 is adsorbed dissociatively on the hydrogen-free Si and Ge surfaces at 300 and 200 C, respectively. As a result, the P atomic amount on the surface tends to saturate below one atomic layer. It was reported that the saturation P coverage is 1/4 of the number of the Si surface atoms (6:8 Â 10 14 cm À2 ) at 300 C, because the dissociative adsorption of PH 3 consumes four surface sites. 53) It was also reported that the P coverage becomes lower under high pressure of H 2 54, 55) because of the adsorption of hydrogen even at 350 C. However, in the present case, the P atom concentration by the PH 3 exposure to the hydrogen-free Si surface is about 5 Â 10 14 cm À2 , which is higher than the reported value. It should be noted that the used PH 3 partial pressure is three or four orders of magnitude higher than in the report. 53) On the Ge surface at 300 -450 C, the P atomic amount tends to saturate to about one atomic layer. Furthermore, it was found that P desorption from the Ge surface at 450 C occurs, but not at 300 C. 52) On the Si surface at 450 -750 C, the P atomic amount tends to saturate at about two or three atomic layers. At 450 C, the P atomic amount is independent of PH 3 partial pressure (0.087 -0.78 Pa). Looking at Fig. 17 in more detail, the P atomic amount is about one atomic layer in the early stage. Additionally, it was found that thermal desorption of P and reduction of hydrogen at 650 C occur, and the P atomic amount on the Si surface decreases to about one atomic layer. 52) Therefore, it is considered that PH 3 is self-limitedly one atomic layer adsorbed on the surface sites and then self-limitedly two atomic layer adsorbed on the P surface sites.
These results mean that the reaction site density depends not only on the substrate surface structure but also on the hydride gas species and the substrate temperature.
Atomic Layer Doping in Si and SiGe Epitaxial Growth
Atomic layer doping (ALD) is performed by epitaxial growth over the material already-formed on Si(100) or SiGe(100) surface. [9] [10] [11] 54, 55) The heteroepitaxial growth of the Si/half atomic layer of N/Si(100), 10, [56] [57] [58] the Si/half atomic layer of P/Si(100), 10, 59, 60) the SiGe/single atomic layer of B/SiGe(100), 15, 54, 55) the SiGe/0.8 atomic layer of C/SiGe(100) 11) and the Si/0.03 atomic layer of W/ Si(100) 61, 62) has been achieved. In this section, atomic layer doping of N, P, and B are reviewed and the characteristics are discussed.
Nitrogen atomic layer doping in Si epitaxial growth
In the case of Si/half atomic layer of N/Si(100) heterostructure growth, the Si film is epitaxially grown by SiH 4 exposure at 500 C on the nitrided Si(100) surface formed by NH 3 reaction at 400 C. On the atomic-layer order nitrided Si(100), an incubation period for Si deposition is observed as shown in Fig. 18 . The incubation period is Fig. 16 . SiH4 Átime product dependence of Si atomic amount on the Ge(100). The samples were exposed to SiH 4 at 260 C after H 2 and Ar preheating at 350 C. The SiH 4 partial pressures are 100 Pa ( ), 300 Pa ( ) and 500 Pa ( , ). The solid and dotted curves are calculated using the equations in Table VI caused by lowering of SiH 4 adsorption and/or reaction rates at the nitrided sites. In Si epitaxial growth on the surface with N atomic amount below 3 Â 10 14 cm À2 after the incubation period, the deposition rate is the same as that on the Si surface without nitridation. After capping with Si, most of the N atoms are buried in the initially nitrided region within the thickness of about 1 nm. That is within the measurement accuracy as shown in Fig. 19 . It should be noted that N atoms tend to segregate at the grown surface with increasing Si epitaxial growth temperature. On the other hand, if the N atomic amount is 6 Â 10 14 cm À2 , amorphous Si is grown. This is caused by the generation of Si 3 N 4 .
High quality epitaxial growth of multi-layer N atomiclayer (AL) doped Si film composed of N layers of 3 Â 10 14 cm À2 and 3.0 nm thick Si spacer is achieved. In such N AL doped Si film, N atoms act as a donor. The total sheet carrier concentration increases with increasing the N amount up to 1 Â 10 14 cm À2 /layer, and then decreases. In other words, the donor activation ratio tends to decrease with increasing the N amount, and the typical ratio is about 0.4% at the N amount of 5 Â 10 13 cm À2 /layer. Such a low donor activation ratio has also been reported for samples doped by ion implantation and annealed. 63) Ionization energy of the donor level is estimated to be about 150 -180 meV based on the assumption that there is no acceptor compensation (Fig. 20) . The Hall mobility is much larger than that [about 100 cm 2 /(VÁs) at 300 K] of the uniformly P doped Si with P concentration of 10 19 cm À3 , and is as high as that of 10 16 -10 17 cm À3 (Fig. 21) . Because the local concentration of the ionized donor is estimated to be about 10 18 -10 19 cm À3 in 1 nm thick N doped region, it is considered that scattering in electron transport is reduced by atomic layer doping structure, e.g., by the broadening effect of the electron wave function. Moreover, there is a possibility that the carrier mobility is enhanced by highly condensed strain near the N AL doped region. Since N atoms in delta-doped region tend to diffuse, and part of them segregates at the surface at 750 C, applications into device fabrication require very low temperature processing. 66) The Hall mobility of uniformly P doped Si epitaxial films grown by low-pressure CVD on Si(100) with P concentration of 10 19 cm À3 is also shown ( ).
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Phosphorus atomic layer doping in Si epitaxial growth
In the case of Si growth on (100) surface with P atomic amount of 2 Â 10 15 cm À2 at a SiH 4 partial pressure of 6 Pa at 500 C, 60) surface P atomic amount decreases with increasing SiH 4 exposure time without Si deposition. After the P atomic amount becomes lower than one atomic layer because of the SiH 4 reaction, Si growth occurs and P atoms segregate onto the surface. P atomic layer doping below 10 14 cm À2 was achieved in Si 1Àx Ge x epitaxial growth at above 500 C 54,55) using reduced pressure CVD in a single wafer reactor. It became clear that the segregation of P atoms onto the surface is suppressed by lowering the temperature of the Si 1Àx Ge x layer deposition. 64) At a rather low temperature of 450 C and a rather high SiH 4 partial pressure of 220 Pa, P incorporation into the Si film and the growth of heavily P delta-doped Si film have been achieved without an incubation period for Si growth, 59, 60) although tailing towards the surface is observed and part of the P atoms segregate or desorb during Si growth. The SiH 4 reaction is suppressed in the P-doped Si deposition by SiH 4 -PH 3 gas mixture, but not by Si 2 H 6 -PH 3 gas mixture. 67) Si 2 H 6 is produced due to polymerization of SiH 4 , and it increases in proportion to the square of the SiH 4 partial pressure. 68) In the case of the SiH 4 partial pressure of 220 Pa, Si deposition may be enhanced by Si 2 H 6 produced from SiH 4 , because Si deposition scarcely occurred at the SiH 4 partial pressure of 22 Pa.
By this atomic-layer doping technique, heavily P-doped epitaxial Si film on Si(100) with average P concentration of 6 Â 10 20 cm À3 is formed with 7-nm-thick spacers as shown in Fig. 22 . 69) Average carrier concentration reaches values as high as 3:6 Â 10 20 cm À3 and the resistivity as low as 2:7 Â 10 À4 Ácm as shown in Fig. 23 . 69) By heat treatment to above 550 C, the carrier concentration decreases and the resistivity increases. They become close to those of the Pdoped Si film formed by P diffusion at 1000 C. 70) It is suggested that the low-resistive P-doped Si film results from higher rate of Si deposition than that of the electrically inactive P formation such as P clustering. Using an atomiclayer doping technique, a very low contact resistivity of about 5 Â 10 À8 Ácm 2 between Ti and the Si film has been obtained. 71) 
Boron atomic layer doping in SiGe epitaxial growth
Atomic-level control of B doping in Si 1Àx Ge x and Si 1Àx Ge x :C films was obtained using reduced-pressure CVD in a single wafer reactor. It has been shown 11, 54, 72) that the B atomic layer process is not self-limited at temperatures of 350 C and higher. B atomic amount incorporated into the SiGe epitaxial films (B dose) increases with increasing B 2 H 6 partial pressure without saturation, and the B dose of several monolayers was obtained.
14) It also implies that B adsorption occurs at Si, Ge, and B surface sites. This is consistent with the fact that B tends to form clusters in Si 1Àx Ge x at high B concentration. 73) If the B dose is higher than one monolayer, the B tends to be incorporated electrically inactive. Figure 24 shows a secondary ion mass spectroscopy (SIMS) profile of B peaks fabricated at different B 2 H 6 partial pressures at exposure temperature of 100 C. To increase the B dose at this low temperature, the hydrogen termination of the Si surface was prevented by cooling down under N 2 to 100 C after the Si 1Àx Ge x epitaxy and performing the exposure at low temperature in N 2 .
15)
The B concentration measured by SIMS is increasing with increasing B 2 H 6 partial pressure. Very steep B profiles have been obtained (1 nm/decade). In Fig. 25 , the B dose as a function of the B 2 H 6 partial pressure for different exposure temperatures is illustrated. In contrast to the exposure at higher temperature, where no self-limitation has been observed, there is an indication for a saturation trend at low temperature. By lowering the temperature of the adsorption step from 250 to 100 C, saturation behavior of the B dose at high B 2 H 6 partial pressures is visible. The process tends to become self-limited at the lowest temperature used. Compared with the adsorption at higher temperature, the adsorption of B 2 H 6 at Si and Ge sites seems to be favorable. As a result of this change in the adsorption mechanism, one would expect a higher ratio of electrically active B at very low temperature.
Device Application
By atomic-order surface reaction control using ultraclean low-temperature processing, high-quality Si/Si 1Àx Ge x /Si heterostructure growth, in-situ doping and atomic layer doping are realized. In this section, we describe the capability of atomically controlled processing for highperformance Si 1Àx Ge x -channel pMOSFETs with super-selfaligned ultrashallow junctions formed by selective impuritydoped Si 1Àx Ge x CVD and for base doping in HBTs.
6.1 Si 1Àx Ge x -channel pMOSFETs with super-self-aligned ultrashallow junctions formed by selective impuritydoped Si 1Àx Ge x CVD Long-channel pMOSFETs with in-situ phosphorus-doped n þ -polysilicon gate were fabricated on 10-nm-thick Si/2 -15-nm-thick Si 1Àx Ge x /Si heterostructures grown on n-type Si(100) substrate using the self-aligned Si gate process. In the heterostructure growth, lowering the deposition temperature of the Si 1Àx Ge x layers is necessary with increasing Ge fraction to prevent island growth.
3) At a Ge fraction of around 0.2, atomically flat surfaces and interfaces can be obtained by depositing the Si 1Àx Ge x and Si capping layers at 550 C. For higher Ge fractions, however, much lower deposition temperatures are suitable, namely, 500 C for a Si 0:5 Ge 0:5 layer and 450 C for a Si 0:3 Ge 0:7 layer. After the heterostructure growth, all processes were performed at temperatures below 700 C, including 10 nm-thick gate oxide formation by wet oxidation. The threshold voltage and the peak field-effect mobility of Si 1Àx Ge x -channel pMOSFETs are shown in Fig. 26 .
74) The Si 0:5 Ge 0:5 -channel pMOSFET with a flat surface has the highest peak fieldeffect mobility, resulting in large mobility enhancement of about 70% at 300 K and over 150% at 77 K compared with those of the MOSFETs without a Si 1Àx Ge x channel. This mobility enhancement is excellent compared with those reported by other investigators. 75, 76) The subthreshold slopes (about 80 mV/decade at 300 K and about 30 mV/decade at 77 K) of the Si 0:5 Ge 0:5 -channel MOSFET were comparable to those of the MOSFETs without a Si 1Àx Ge x channel. This indicates that defect density in the Si 0:5 Ge 0:5 layer is low. On the other hand, the Si 0:3 Ge 0:7 -channel MOSFET has larger threshold voltage and lower peak field-effect mobility than those of the Si 0:5 Ge 0:5 -channel MOSFET. Since the band gap of an unstrained Si 1Àx Ge x layer increases with decreasing Ge fraction and is larger than that of a strained layer, 77) it is considered that the Ge fraction decreases because of the strain-induced interdiffusion and/or the heterostructure becomes unstrained by generating defects during device fabrication. The leakage current between source and drain at no gate voltage also depends on the thickness of the Si 1Àx Ge x layer even with a flat surface as shown in Fig. 27 . Although the leakage current scarcely depends on the thickness for x ¼ 0:2, it becomes large at a thickness above 7 nm for x ¼ 0:5, and above 4 nm for x ¼ 0:7.
78) Therefore, it is suggested that the leakage current is caused mainly by misfit-dislocation generation in the Si 1Àx Ge x layers thicker than the critical thickness. On the other hand, it is found that the Si 0:3 Ge 0:7 -channel MOSFET with a rough surface, where the Si 0:3 Ge 0:7 layer was deposited at 500 C, has a remarkably poor mobility and a large leakage current as shown in Figs. 26 and 27 . These results indicate that the nanometer-order surface roughness of the heterostructure and the generation of misfit dislocations by exceeding the critical thickness of the Si 1Àx Ge x layer degrade the device performance. These results clearly show that lowering the deposition temperatures of the Si 1Àx Ge x layers and optimizing Si 1Àx Ge x layer thickness are more essential to prevent island growth and generation of misfit dislocation in the heterostructures at a higher Ge fraction.
INVITED REVIEW PAPER Next, in order to minimize the dimension of MOSFETs, we have proposed super-self-aligned shallow-junction electrode MOSFETs (S 3 EMOSFETs), which utilize in-situ impurity-doped Si 1Àx Ge x selective epitaxy on the source/ drain regions. 12, [79] [80] [81] In the device, the source/drain junction depth is very shallow, and the effective channel length is almost the same as the fabricated gate length. It is clear that lower contact resistance and lower source/drain resistance are necessary in order to increase the drain current drivability. The electrical characteristics of impurity-doped epitaxial Si 1ÀxÀy Ge x C y films are described in the Appendix. The 0.12-mm-gate-length Si 1Àx Ge x -channel pMOSFETs with in-situ B-doped p þ -polysilicon gate as shown in Fig. 28 were fabricated. 12) Ultrashallow junctions were prepared by B diffusion into Si/Si 1Àx Ge x /Si heterostructure from the B-doped Si 0:55 Ge 0:45 at 750 C. After 750 C diffusion, the B diffusion depth becomes around 15 nm in the Si/Si 1Àx Ge x /Si heterostructure. It is shallower compared to that in Si. B segregates in the strained Si 1Àx Ge x layer. 82, 83) The Ge fraction in the Si/Si 1Àx Ge x /Si heterostructure changes from 0.5 to 0.35. The maximum transconductance of the MOSFET with a Si 0:65 Ge 0:35 channel is about 45% higher than that in the case of a Si channel as shown in Fig. 29 . In order to improve the device performance, the device fabrication should be done at a lower temperature. The degradation of the subthreshold slope and threshold voltage shift in the short channel region are well suppressed compared with that in the case of the Si-channel devices. This is due to the ultrashallow junction depth and the suppression of the drain and source depletion-layer width into the Si 1Àx Ge x channel resulting from the reduction of the energy band gap by introducing Ge.
Atomic layer base doping in HBTs
For future micro and nano devices, there is the request to create steep and shallow doping profiles with high dopant concentration and to control the dopant dose, location and uniformity at atomic level. To demonstrate the capability of the atomic layer processing approach for doping of devices with critical requirements for dose and location control, we Fig. 27 . Si 1Àx Ge x thickness dependence of leakage current of Si 1Àx Ge xchannel pMOSFETs. have used it for base doping of npn and pnp HBTs within a 0.25 mm complementary Si 1Àx Ge x :C BiCMOS technology. B atomic layer processing was used for B base doping of npn HBTs. 14) While the collector currents of atomic-layer and standard doped HBTs do not essentially differ, the base current of ALD HBTs is $2 times higher than that of standard HBTs as shown in Fig. 30 . The higher base current indicates increased neutral base recombination for the ALD HBTs and small difference in activation efficiency of B for the atomic-layer doped sample. Radio frequency (RF) characteristics are shown in Fig. 31 . Peak f T and f max are 113 and 127 GHz for the atomic-layer doped base, and 108 and 123 GHz for the standard doped HBT, respectively. Current mode logic (CML) ring oscillators were fabricated for both base doping variants showing identical gate delays. P atomic layer processing was used for base doping of pnp HBTs.
15) The device and process technology is described in ref. 16 . About the same static performance is obtained for both atomic-layer and standard doping cases. The same base current level and ideality are demonstrated indicating that there are no additional recombination centers caused by atomic layer doping as shown in Fig. 32 . Figure 33 demonstrates the RF performance obtained for an ALD HBT in comparison with a standard doped HBT. The same f max of about 125 GHz was achieved. The peak f T value is slightly decreased from about 95 GHz to about 80 GHz. To explain this difference, the different sheet resistance for both doping cases needs to be considered. The sheet resistance for the atomic layer doping case is 50% of the standard doping only. Considering the lower sheet resistance and the measured collector current characteristics, one could conclude that there is an improved steepness at the emitter side for the atomic layer doped base compared with standard doping.
The results demonstrate the capability of atomic layer processing for doping of devices with critical requirements regarding dose and location control. Nevertheless, to get the full benefit of the atomic layer processing approach, an adapted device design and low temperature processing would be required.
Conclusions
By ultraclean low-temperature low-pressure CVD using SiH 4 and GeH 4 gases, high-quality epitaxial growth of Si, Ge and Si 1Àx Ge x with atomically flat surfaces and interfaces on Si(100) is achieved and atomic-order surface reaction processes on the group IV semiconductor surface are formulated based on the Langmuir-type surface adsorption and reaction scheme as shown in eq. (3) for Si, eq. (4) for Ge and Table I deposition rate, the Ge fraction and the dopant concentration are explained quantitatively by the equations in Table I , assuming that the reactant gas adsorption/reaction depends on the surface site material and that the dopant incorporation into the grown film is determined by Henry's law. Self-limiting formation of 1-3 atomic layers of group IV or related atoms in the thermal adsorption and reaction of hydride gases on Si(100) and Ge(100) are generalized by the equations in Tables V and VI based on two kinds of Langmuir-type models shown in Fig. 13 .
By the epitaxial growth of Si and SiGe over the material already-formed on (100) surfaces, atomic layer doping of N, P, and B is achieved. Atomic layer doping results indicate that very high carrier concentration and higher mobility are achieved compared with doping under equilibrium conditions. The atomically controlled processing for high-performance Si 1Àx Ge x -channel pMOSFETs with super-selfaligned ultrashallow junction formed by selective impuritydoped Si 1Àx Ge x CVD and for base doping in npn and pnp SiGe:C HBTs has been demonstrated.
These results propose that atomic layer-by-layer epitaxy of group IV materials as well as atomic layer doping are possible with well-controlled initiation of the reaction governed by Langmuir-type self-limited kinetics in many cases. That opens the way to atomically controlled technology for ultralarge-scale integrations.
In the case of P-doped Si 1ÀxÀy Ge x C y epitaxial films deposited at 550 C [ Fig. A·1(a) ], 84) the carrier concentration of the P-doped Si 1ÀxÀy Ge x C y film with low Ge and C fractions ðx 0:48; y 0:0046Þ is nearly the same as the P concentration up to about 2 Â 10 20 cm À3 . In the case of P-doped Si 1Àx Ge x film with higher Ge fraction than 0.51, electrically inactive P atoms are observed independently of the P concentration, and when x ¼ 0:78, the carrier concentration tends to saturate to about 10 19 cm À3 at a higher P concentration of about 2 Â 10 20 cm À3 . This means that the P-doped Si 1Àx Ge x films with higher Ge fraction have the lower solid solubility of electrically active P. 30) It was suggested that the solid solubility becomes higher at higher heat treatment temperature. 85) With increasing the C fraction in the film (y ! 0:0048), the number of electrically inactive P atoms tend to increase. 84) Thus, a lower Ge fraction x than 0.48 and a lower C fraction y than 0.0046 should be used for the lower electrical contact resistance between Si 1Àx Ge x and metals. In the case of B-doped Si 1ÀxÀy Ge x C y epitaxial films with y ¼ 0:0054 or lower, the carrier concentration is nearly equal to the B concentration up to about 2 Â 10 20 cm À3 , and it tends to saturate to about 5 Â 10 20 cm À3 at a B concentration below 10 22 cm À3 [ Fig. A·1(b) ]. 19, 86) It was suggested that the carrier concentration decreases with increasing heat treatment temperature because of B clustering. 85) Discrepancy in the lattice constants from Vegard's law was observed at a higher B concentration in the order of 10 20 cm À3 and above, which corresponds with the saturation of the carrier concentration. 86) With increasing C fraction, the electrically inactive B atoms appear and tend to increase in number even in the lower B concentration region [see the sample with x ¼ 0:44 and y ¼ 0:016 { 0:02 in Fig. A·1(b) ]. 19) The resistivity of the B-doped Si 1Àx Ge x film decreases with increasing carrier concentration down to about 5 Â 10
À4
Ácm as shown in Fig. A·2(b) , 86) where the data are close to Irvin's curve for Si.
87) The resistivity exhibits a maximum around x ¼ 0:25 at the carrier concentrations below 10 20 cm À3 and then decreases with increasing Ge fraction, but these characteristics are not apparent at the carrier concentrations above 10 20 cm À3 . It is considered that resistivity is influenced by alloy scattering. On the other hand, the resistivity of the P-doped Si 1Àx Ge x film is independent of the Ge fraction and is almost the same as that of Irvin's curve of Si as shown in Fig. A·2(a) . The resistivity of the P-and Bdoped Si 1ÀxÀy Ge x C y films tends to increase with increasing the C fraction. This increase in resistivity means a decrease in hole or electron mobility. Therefore, it is considered that the existence of C in the film enhances alloy scattering.
Next, the contact resistivity with W is discussed. In the case of B-doped Si 1Àx Ge x films, the contact resistivity decreased with increasing Ge fraction. 71) This can be explained by the fact that, as the Ge fraction increases, the valence band shifts 88) and the barrier height between W and p-type Si 1Àx Ge x film becomes lower. In the case of P-doped films, the contact resistivity decreased with increasing carrier concentration, independently of the Ge fraction. 71) This means that the conduction band shifts only a little with the Ge fraction, and the depletion layer width decreases with increasing carrier concentration, which becomes dominant in n-type Si 1Àx Ge x film. These results reveal that the lower and the higher Ge fractions in the Si 1Àx Ge x film on the source/ drain region are necessary for n-and p-channel MOSFETs, respectively, in order to reduce contact resistivity. The reduction of contact resistivity is expected by atomic layer doping.
